The concept that traits should be associated with related organisms and that nearby populations of the same species are likely to be more similar to each other than to populations spread far apart has long been accepted. Consequently, taxonomic relationships and biogeographical data are commonly believed to have the power to predict the distribution of disease resistance genes among plant species. In this study, we test claims of such predictivity in a group of widely distributed wild potato species. There was no clear association between resistance to soft rot and taxonomic relationships. However, we have found some associations between resistance to soft rot and environmental data such as annual precipitation and annual mean temperature. In addition, we have noted that high levels of resistance are mostly found in species with high levels of phenotypic plasticity. The three most resistant species were Solanum paucijugum, S. brevicaule, and S. commersonii.
Despite the general acceptance of taxonomic and biogeographic predictivity hypotheses, they have not been empirically tested until recently, where they have been carried out in potato (11) (12) (13) . Wild potato species (tuber-bearing species in Solanum L. sect. Petota Dumort.) provide a good model system for this type of study because they represent a highly diverse and accessible germplasm resource (6) . Wild potato species are found in a tremendously diverse array of environments that include cold high grasslands of the Andes, hot semi-deserts and seasonally dry habitats, humid subtropical to temperate mountain rain forests, cultivated fields, and even epiphytic niches. They grow from sea level to over 4,300 m. Traditional taxonomic studies have partitioned section Petota into distinct taxonomic series (6) . Recent molecular phylogenies, however, divide section Petota into four clades based on plastid DNA restriction site data or three clades based on nuclear DNA data, with many of the polyploids supported as allopolyploids (26, 29) . These molecular phylogenies show little relationship to previously established taxonomic series. Wild Solanum spp. exist in a ploidy series from diploid to hexaploid, and there are both inbreeding and outbreeding species. A strong biological isolating mechanism separating large groups of species results in endosperm death in crosses between species with different "endosperm balance numbers" (EBNs) (5) . Ploidy/EBN values in section Petota include 2x (1EBN), 2x (2EBN), 4x (2EBN), 4x (4EBN), and 6x (4EBN).
Previous studies based on a common set of species have found that neither taxonomic relationships nor biogeographic factors consistently predict resistance to two foliar fungal pathogens causing white mold and early blight (11, 12) , and the defoliating insect, Colorado potato beetle (13) . Another study reported a similar lack of predictivity but the data were gathered from a variety of published and unpublished sources using different screening methods (31) . However, we have not tested predictivity for a soilborne bacterial pathogen, which could produce different results. In the current study, we screened a wide range of wild potato species for resistance to tuber soft rot, caused by Pectobacterium (formerly Erwinia) carotovorum subsp. carotovorum to determine whether bacterial disease resistance in wild potato germplasm can be predicted using taxonomic or biogeographic data.
MATERIALS AND METHODS

Production of tubers.
We obtained botanical seed from the U.S. Potato Gene Bank (NRSP-6), and planted between one and five accessions (populations) of each of 38 species, for a total of 123 accessions. All seed were sown in January 2008, plants were grown in a greenhouse, and tubers were harvested in May 2008. Fifteen plants per accession and three tubers per plant were evaluated for soft rot resistance. Accessions were representative of a broad geographic area and a wide range of habitats (Fig. 1) . Our study included 13 of the 19 tuber-bearing series of Hawkes and all four clades as determined by plastid and nuclear DNA data (26, 29, 30, 32) (Fig. 2) . These accessions represent the range of distribution of wild Solanum spp. (Fig. 3) .
Disease resistance screening. P. carotovorum isolate WPP14 was cultured and 3 µl of prepared bacterial suspension (3.0 × 10 8 CFU/ml) was inoculated into each tuber in a hole with a depth of 5 mm created by a pipette tip (34) . Then, the diameter of decay was measured after a 72-h incubation in the dark at 100% relative humidity and 25°C.
Statistical analyses of taxonomic traits. Some tubers were so small that they completely rotted after inoculation. Consequently, the true resistance value could not be determined. The width of decay of these small susceptible tubers was given a value of 9 mm based on the least significant difference from the mean of tuber soft rot resistance of all accessions. Consequently, resistance data were considered to be censored. Censored data are most appropriately analyzed using nonparametric methods based on rank scores. The Kruskal-Wallis test (16) was used for comparisons among more than two groups. To determine the relative contributions of species, accessions, and individual plants to the observed variation, a linear model was fit, with species and accessions considered to be random effects. The contribution due to individual plants was reflected in the residual variability.
Association between biogeographical variables and soft rot resistance. We used distribution-free tests of association between the explanatory biogeographical variables annual mean temperature (AMT) and annual precipitation (AP) and the dependent variable of soft-rot resistance score (15) . First, we calculated the median resistance score (mm) for each replicate of each plant tested for soft rot resistance. Therefore, the base sample size (n) for each test within a species was the number of plants tested for soft rot resistance. Next, we simulated variation in AMT and AP for each plant and its median resistance score by generating 100 random draws from the 30-year distribution of AMT and AP (22) associated with the accession from which each plant was derived. Then, we generated 1,000 bootstrap data sets of size n for each species. For each of the 1,000 bootstrap samples, we calculated Kendall's Tau (22) . Finally, we assessed the significance of the association between soft rot resistance and both AMT and AP using the median Tau from the 1,000 bootstrap replicates in order to calculate Kendall's K statistic for comparison with a table of the upper-tail probabilities for the null distribution of the Kendall K statistic (9) . The data set is available and was constructed as CRU 0.5 Degree Dataset from sources at http://www.sage.wisc.edu/ atlas/maps.php (22) .
RESULTS AND DISCUSSION
As in previous studies for other traits, this study detected statistically significant differences in resistance levels among species, taxonomic series, plastid-based molecular clades, ploidy levels, and EBN (P < 0.0001, 0.0001, 0.01, 0.05, and 0.05, respectively) but not breeding systems (P = 0.079). The proportion of variation due to species, accessions, clones, and individual tubers within a plant was estimated and the largest source of variability was species while the smallest was individual tubers from a single plant (Supplemental Table 1 ). Sometimes, however, variation was large among accessions within species and among plants within accessions ( Table 1 ), implying that it is important to focus on accessions and individual plants rather than species.
The three most resistant species were Solanum paucijugum, S. brevicaule, and S. commersonii (Fig. 3) . As a group, 8 of the top 10 most resistant species were diploid. However, this ratio is not different from the proportion of diploid species in this study, based on a χ 2 test (P < 0.05). Also, 2 EBN species were more resistant than 1 EBN or 4 EBN species. In all, 9 of the 10 most resistant species were 2 EBN and this result is not consistent with those from the white mold (11), early blight (12), and Colorado potato beetle (13) resistance studies, where the most resistant species were 1 EBN. There were no significant differences between inbreeding and outcrossing species, although there was a trend toward more resistance in outcrossing species. The most resistant series were series Tuberosa (5 of the 10 most resistant species) and series Conicibaccata (3 of the 10 most resistant species), which is inconsistent with previous studies testing other traits (11) (12) (13) .
Because the 10 most resistant species were distributed among four series, two clades, two EBN values, and two ploidy levels, there was no consistent relationship between mean resistance score and taxonomic data (Fig. 3 ). This is similar to previous results obtained for other diseases using wild potato species and wild tomato species (11) (12) (13) 27) .
However, some patterns were detected when species were analyzed individually. Populations within species were exposed to different environments, such as AMT, AP, soil moisture holding capacity, shading, and biotic interactions. A distribution-free test of association between soft rot resistance score for accessions within each species and the most important factors for soft rot severity, AMT and AP (data were collected in 1960 to 1990) (22) , confirmed that there often is a relationship between disease resistance and these environmental factors at the accession level ( Table 2 ). Among the 28 species for which more than two accessions were analyzed, 25.0 and 53.6% of the species tested demonstrated a significant association between soft rot resistance and AMT and AP, respectively (P < 0.05).
Plots of simulated AMT and AP data show interesting patterns (Fig. 4) . Each population of a species may have been exposed to different temperature and precipitation conditions before it was collected. In addition, some locations where accessions were collected may experience a wider range of temperatures or precipitation than others. When the association between AMT or AP and soft rot resistance was significant (Table 2) , each accession was exposed to a different range of environmental variation with respect to AMT or AP (Fig. 4) . All of the 10 most resistant species (except 2 species that were not tested because each was represented by a single accession) are sensitive to AMT and AP; the accessions within a species form discrete patterns rather than a clustered pattern, as is shown for S. brevicaule in Figure 5 . Species that inhabit more heterogeneous environments with respect to AMT and, especially, AP may have a higher chance of being exposed to strong selection pressure and, therefore, evolve resistance to soft rot disease.
It is interesting to note that twice as many species showed a significant association between soft rot resistance and AP than between soft rot resistance and AMT. This suggests that AP is a more important factor than AMT; AP is correlated with soil moisture, which is a key factor for soft rot disease spread. When no significant association was found between AP and soft rot resistance, it was largely because either the resistance score or AP did not vary among accessions within a species.
Resistance levels sometimes varied among species with a similar range of AMT and AP. This implies that there may be other environmental interactions leading to selection pressure and, consequently, different levels of fitness in the presence of soft rot disease. For example, the case of S. jamesii shows that selection pressure is important for the evolution of disease resistance. S. jamesii was collected from a desert area in the southern part of United States. The soilborne pathogen P. carotovorum subsp. carotovorum does not survive in this arid environment. Thus, there would be no disease pressure and no selection pressure for the species to evolve resistance (Fig. 3) . Consequently, accessions collected in the entire range of this species are consistently susceptible. On the other hand, S. verrucosum shows a large variation in resistance scores and is commonly found in a wide range of AMT and AP, leading us to infer that there is more potential for adaptation and the evolution of disease resistance in species possessing adaptation to a wider range of environmental variation.
Plant morphology and habitat information may also provide predictive insights about disease pressure exerted on different species. The most soft-rot-resistant species were generally found in humid, shady, or damp places (3, 6) . However, resistance levels were not always associated with the expected habitat. For example, the habitat of one of the most susceptible species, S. andreanum, is moist and humid and, therefore, favorable for P. carotovorum subsp. carotovorum. Fig. 3 . Rank of soft rot disease resistance among species. Mean rank scores and standard errors for 38 wild Solanum spp., based on mean lesion diameter (mm) for each tuber assessed for resistance to soft rot. Low scores indicate relatively greater resistance to soft rot (no error bar indicates that only one accession was evaluated).
When habitat information (Supplemental Table 2 (28) . The three most resistant species (S. paucijugum, S. brevicaule, and S. commersonii) grow in moist habitats and are typically low-growing plants with a spreading growth habit. These factors may have favored selection for a genetically based resistance system in order to survive pathogen pressure in the soil.
A
carotovorum subsp. carotovorum were erect and tall; therefore, they likely experienced less selection pressure.
Disease resistance variation among and even within species is likely to result from complex interactions among the factors that allow plants to survive in the presence of the pathogen. These factors include the components of the disease triangle: environ- ment, pathogen, and host plant. All three components interact to influence disease severity.
Environment. Populations among and within species are likely to be exposed to different micro-and macroenvironments which may cause different levels of pathogen stress (14) (Supplemental Figures 1 to 4) . In this study, accessions within a species were selected to represent a wide range of habitats and localities. For example, S. acaule is widely distributed in the central and southern Andes (8) , and accessions of this species were collected from regions of 65 to 70° longitude, 17 to 23° latitude, and 3,700 to 4,560 m in altitude. At temperatures of 15 to 30°C, P. carotovorum subsp. carotovorum produces a pectin-degrading enzyme that is involved in pathogenicity; in addition, the number and longevity of bacteria in the soil are reduced at high and low temperature extremes (24) . Under high relative humidity, the bacterium can survive for many days on leaves and stems and can overwinter on plant debris (24) . This variation in longevity due to environments could affect latent infection of tubers during dormancy. Wet conditions provide bacteria with a better chance for survival, whereas dry conditions shorten the longevity of bacteria. If a dormant potato tuber is physiologically weakened, then bacteria may infect tubers. P. carotovorum subsp. carotovorum bacteria can be dispersed by rainfall or by a wide range of insects (20) . Also, variability in soil type, organic matter, pH, antagonistic microbe populations, and mineral nutrients influence host-pathogen interactions (20, 21) . Consequently, variability in pathogen selection pressure can be expected among the sites at which Solanum populations were collected. Human activities may also influence local disease pressure (Supplemental Figure 1) . Reservoirs and ponds can maintain P. carotovorum subsp. carotovorum populations (23) . Also, debris from potato or other host crops in local fields can provide a concentrated reservoir of P. carotovorum subsp. carotovorum. In addition, irrigation in dry areas could allow bacteria to thrive in areas where they would not otherwise do so. For example, resistant accessions of S. commersonii were found in agricultural areas. Similarly, in a previous study, accessions resistant to early blight were commonly found in the vicinity of agricultural fields (12) .
Pathogen. P. carotovorum subsp. carotovorum is a soilborne pathogen. Inoculum dispersal is restricted, leading to a patchy distribution (2) . There are two ways to infect plants: local amplification due to transmission from initially infected plants to neighboring plants and dispersal of inoculum by water, insects, or human activity. Soilborne diseases often develop more slowly than airborne diseases (2) . The patchy distribution and slow development together could create very heterogeneous selection pressures. In addition, combinations of other factors as described above can generate even more variable selection pressures. However, there is a strong tendency for accessions to be resistant based on local conditions that favor pathogen growth and survival.
P. carotovorum subsp. carotovorum strains vary in their levels of virulence (34) . This study evaluated tuber soft rot resistance using only a single isolate, WPP14, which was derived from infected tubers in Wisconsin (34). We do not know the relationship between this strain and those to which wild species are exposed in Central and South America. However, because our resistance evaluations were based on a highly virulent isolate, we maximized the variation in the resistance reaction and identified wild species phenotypes with high levels of resistance.
Host plant. Previous studies have indicated that soft rot resistance has a polygenic inheritance mode, with some quantitative trait loci of relatively strong effect (35) . Broad-sense and narrow-sense heritability are high (17) . Among the genetic components, additive factors appear to be more important than dominant factors (18) .
However, resistance could be conferred by a number of different mechanisms, some of which would not have been detected in this study. For example, plants could escape disease by producing long stolons extending to noninfested areas. Although tubers at the ends of some stolons may become infected, others may avoid contact with the pathogen. This strategy would allow survival in regions where the pathogen is sporadically distributed. However, our study did not evaluate avoidance as a resistance mechanism.
Due to inconsistent pathogen pressure, random mutation, or genetic drift, disease resistance gene frequencies may vary unpredictably among populations. Under strong selection pressure, disease resistance genes may evolve rapidly, even within a few centuries (4, 10) .
Disease resistance is not a consistent characteristic of a species. Disease outbreaks are often sporadic. Consequently, selection pressure for disease resistance may be inconsistent compared with that for abiotic factors such as frost, for which tolerance is sometimes associated with geography in wild Solanum spp. (7, 19) . The fitness level of a given plant in response to P. carotovorum subsp. carotovorum varies with selection pressure across years even within the area where an accession was collected. Thus, disease pressure is not a constant enough factor to charac- b AMT = annual mean temperature and AP = annual precipitation. c For P values: §, *, **, and *** indicate significant at P < 0.10, 0.05, 0.01, and 0.001, respectively; ns = nonsignificant at P = 0.10. terize disease resistance as a unique trait of a species. In addition, because evolution for disease resistance is still actively and rapidly in progress under local conditions, it may be difficult to find a close relationship between disease resistance and species as well as higher taxonomic levels such as series or EBN, ploidy, and clade. However, considering relevant environmental factors and morphological traits together may provide some predictivity for disease resistance. It is also important to consider the mode of disease resistance. Adaptation would be more difficult with a polygenic inheritance mode with low heritability than with a single gene or a few genes as seen in virus resistance (25) . Also, the speed of evolution should be considered. Thus, the favorable environments for disease development as well as the genetic basis of resistance must be determined before pursuing a prediction study.
We may speculate from this study using wild Solanum spp. that other plant species may have a similar story. Disease resistance levels would be similar if populations share the same disease pressures due to specific key factors that maintain a high level of inoculum. Therefore, it may be possible to predict resistance with environmental information that influences selection pressure imposed by a specific pathogen. Furthermore, our study suggests that those species exhibiting phenotypic plasticity in response to temperature and moisture are likely to evolve in response to disease pressure.
